-We investigated the influence of aging on the group III/IV muscle afferents in the exercise pressor reflex-mediated cardiovascular response to rhythmic exercise. Nine old (OLD; 68 Ϯ 2 yr) and nine young (YNG; 24 Ϯ 2 yr) males performed single-leg knee extensor exercise (15 W, 30 W, 80% max) under control conditions and with lumbar intrathecal fentanyl impairing feedback from group III/IV leg muscle afferents. Mean arterial pressure (MAP), cardiac output, leg blood flow (Q L), systemic (SVC) and leg vascular conductance (LVC) were continuously determined. With no hemodynamic effect at rest, fentanyl blockade during exercise attenuated both cardiac output and Q L ϳ17% in YNG, while the decrease in cardiac output in OLD (ϳ5%) was significantly smaller with no impact on Q L (P ϭ 0.8). Therefore, in the face of similar significant ϳ7% reduction in MAP during exercise with fentanyl blockade in both groups, LVC significantly increased ϳ11% in OLD, but decreased ϳ8% in YNG. The opposing direction of change was reflected in SVC with a significant ϳ5% increase in OLD and a ϳ12% decrease in YNG. Thus while cardiac output seems to account for the majority of group III/IV-mediated MAP responses in YNG, the impact of neural feedback on the heart may decrease with age and alterations in SVC become more prominent in mediating the similar exercise pressor reflex in OLD. Interestingly, in terms of peripheral hemodynamics, while group III/IV-mediated feedback plays a clear role in increasing LVC during exercise in the YNG, these afferents seem to actually reduce LVC in OLD. These peripheral findings may help explain the limited exercise-induced peripheral vasodilation often associated with aging. 
DURING PHYSICAL ACTIVITY, mechanical and chemical stimuli within the contracting muscle increase the discharge frequency of group III and IV muscle afferents which project, via the dorsal horn of the spinal cord, to the ventral lateral medulla and the nucleus tractus solitarii. This stimulus drives much of the cardiovascular response to exercise, a regulatory mechanism termed the "exercise pressor reflex" (9, 26, 35, 38, 39) . The pharmacologic stimulation of spinal -opioid receptors temporarily inhibits group III/IV muscle afferent feedback to the cardiovascular control centers in the brainstem (25, 36) without affecting the force-generating capacity of skeletal muscle (2, 22) . Taking advantage of this phenomenon, previous studies have addressed the role of the exercise pressor reflex in determining the overall circulatory response to exercise in animals (21, 36, 44) and humans (1, 3) . With this approach, conservative estimates suggest that muscle reflexes account for up to 20% of the central and peripheral hemodynamic responses exhibited by young healthy humans during exercise.
Normal healthy aging is associated with various structural and functional changes in the cardiovascular system. Specifically, changes in myocardial contractile properties, impairments in the autonomic regulation of the heart via ␤-adrenergic desensitization, vascular dysfunction, and changes in the baroreflex control of blood pressure have all been documented to occur with advancing age (14, 15, 28, 37) . Although many of these changes are a direct consequence of aging, others may actually be appropriate secondary adaptations that ensure the correct autonomicly mediated cardiovascular response to these original physiological changes in older individuals. For example, it is well accepted that while young individuals maintain circulatory homeostasis during head-up tilt primarily via a cardiac response, the elderly are more reliant on alterations in peripheral vascular resistance (28) . However, little is known about the influence of age on the role of the group III/IV muscle afferents in the exercise pressor reflex.
As the exercise pressor reflex plays a key role in regulating circulation during exercise in young individuals (53) , potential age-related alterations in this mechanism may play an important role in the altered cardiovascular response to physical activity associated with the elderly (29) . Indeed, based on a limited number of experiments utilizing handgrip exercise and postexercise circulatory occlusion (PECO), the exercise pressor reflex has been suggested to be attenuated in older individuals (24, 34) . However, potential age-related differences in metabolite accumulation during PECO and the associated differences in the magnitude of the afferent stimulus in the young compared with the old (57, 58) may have masked the real effect of aging on the muscle reflex control of the cardiovascular response to exercise.
Consequently, to better understand the impact of age on the role of the group III/IV muscle afferents in the exercise pressor reflex-mediated cardiovascular response in humans, we utilized lumbar intrathecal fentanyl to temporarily attenuate lower limb muscle afferent feedback during dynamic knee extensor exercise in young and old individuals. We hypothesized that 1) in terms of the blood pressure response to exercise, the contribution of group III/IV-mediated muscle reflexes remains unaltered with advancing age; 2) the main mechanism responsible for the exercise pressor reflex-induced increase in blood pressure shifts from being predominantly driven by an increase in cardiac output in the young to being determined more by a decrease in vascular conductance in the old; and 3) in terms of peripheral hemodynamics, the exercise pressor reflex facilitates leg blood flow (Q L ) in the young, but restricts Q L in the elderly.
METHODS

Participants
Eight recreationally active young (age: 24 Ϯ 4 years; body wt: 77 Ϯ 13 kg; height: 1.70 Ϯ 0.02 m) and old (age: 69 Ϯ 2 years; body wt: 79 Ϯ 4 kg; height: 1.80 Ϯ 0.02 m) men participated in this study. All participants were normotensive, nonsmokers, and none were taking any medications. Written consent was obtained from each participant. All experimental procedures were approved by the University of Utah and the Salt Lake City Veteran Affairs Medical Center Institutional Review Boards and conformed to the Declaration of Helsinki.
Experimental Protocol
Participants were familiarized with the experimental procedures during an initial visit. In a follow-up session, participants performed an incremental single-leg knee extensor test (0 Ϯ 5 W/min) to exhaustion to determine their maximum attainable workload (W peak). Between 48 to 72 h following this incremental exercise test, participants returned to the laboratory where their right femoral artery and vein were catheterized (18 gauge central line catheters, Arrow International, Reading) by using the Seldinger technique. Following 10 min of rest, CO 2 sensitivity was evaluated by determining the ventilatory response to three levels of inspiratory CO2 (FICO 2 ) while the participant was comfortably seated. This test was conducted to assess the potential migration of intrathecal fentanyl to the level of the brainstem, which, if occurring, could bind to the medullary opioid receptors and directly affect neurons that are involved in cardiovascular and ventilatory responses (31) . Although unlikely, this would undermine the main premise behind the current experimental approach, as previously described (1, 3) .
Following a short break, measurements of Q L, cardiovascular/ pulmonary variables, and arterial/venous blood samples were taken under control conditions (Ctrl) at rest and then during exercise. Specifically, participants performed three, 3-min, constant-load right leg knee extensor exercise bouts (60 revolutions/min) consisting of two absolute (15 and 30 W) and one relative exercise intensity (80% of W max; young: 45 Ϯ 6 W; old: 35 Ϯ 5 W). Both absolute and relative workloads were included because while Q L is determined predominantly by absolute workload (12) , MAP is primarily dictated by relative exercise intensity (49) . Pulmonary variables, cardiac output, and Q L were recorded continuously while arterial/venous blood samples were taken during the final minute of each workload.
Following a 2-h rest period, 1 ml of opioid analgesic fentanyl (0.025 mg/ml), recognized to have no effect on the force-generating capacity of the quadriceps, was delivered through vertebral interspace L3-L4 (1). To minimize the potential risk of cephalad movement within the cerebrospinal fluid, participants remained in the upright seated position throughout the study. Approximately 20 min post fentanyl administration, all measurements, including the CO 2 sensitivity test, and procedures were repeated. To ensure optimal pharmacological blockade, the time to completion of all experiments was kept to less than 60 min post fentanyl injection.
Measurements
Femoral artery blood flow. Blood velocity (V mean; cm/s) and vessel diameter were measured simultaneously in the common femoral artery, distal to the inguinal ligament and proximal to the bifurcation of the deep and superficial femoral arteries, by using a Logic 7 ultrasound Doppler (General Electric Medical Systems, Milwaukee, WI). Q L (liters/min) was calculated as ϭ Vmean (vessel diameter/2) 2 ϫ 60. All blood velocity measurements were performed with the probe positioned to maintain an insonation angle of 60°or less.
Pulmonary and cardiovascular responses. Ventilation and pulmonary gas exchange were measured continuously by using an open circuit system (True Max 2400, Parvo Medics, Sandy, UT). HR was measured from the R-R interval by using a three lead electrocardiogram (Biopac systems, Goleta, CA). SV was estimated beat by beat from pressure waveforms assessed by finger photoplethysmography (7) by using the modelflow method (Beatscope version 1.1, Finapress Medical Systems, Amsterdam, The Netherlands), and cardiac output was calculated as the product of SV and HR. In addition to the beat-to-beat noninvasive assessment of arterial blood pressure by photoplethysmography, arterial and venous blood pressure measurements were collected continuously from within the femoral artery and vein by using pressure transducers (Transpac IV, Hospira, Lake Forest, IL) placed at the level of the arterial and venous catheters. Mean arterial pressure (MAP) was calculated as arterial diastolic pressure ϩ 1/3 (arterial systolic pressure Ϫ arterial diastolic pressure), and mean venous pressure (MVP) was calculated as the average of venous systolic and diastolic pressure. Perfusion pressure was calculated as MAP Ϫ MVP. LVC was calculated as QL/(MAP Ϫ MVP). SVC was calculated as cardiac output/MAP (from photoplethysmography).
Blood derived variables. Femoral arterial and venous blood samples were collected anaerobically and assessed in a co-oximeter and blood gas analyzer (GEM 4000, Instrumentation Laboratory, Bedford, MA). Blood gases were not corrected for blood temperature. Arterial (CaO 2 ) and venous (CvO 2 ) oxygen content were calculated as 1 (6) . After baseline responses to eupnoeic air were recorded (5 min), ventilatory responses to two different concentrations of CO2 (3 and 6% CO2 with 70% O2 and balance N2) were measured in all participants. The participants breathed each gas mixture for 4 min, and the tests were separated by 5 min of exposure to room air to allow the ventilatory variables to return to baseline levels between conditions. Arterial blood samples were collected during the final 30 s of each condition and analyzed for PCO 2. In addition, breathing frequency and tidal volume were assessed and averaged over the final minute in each condition.
Statistical analysis. All statistical analyses were performed with SigmaPlot (version 12.0). Two-way ANOVA with repeated measures on the factors absolute workload and condition were performed separately for the young and the old to evaluate the effect of fentanyl blockade on central and peripheral hemodynamics. Two-way ANOVA on factors absolute workload and age were performed on Ctrl data to evaluate the effect of age on central and peripheral hemodynamics. Tukey's post hoc tests were used to identify means that were significantly different, with P Յ 0.05. Finally, paired t-tests were used to test for differences between Ctrl and fentanyl blockade at 80% of W max. All results are expressed as means Ϯ SE.
RESULTS
Resting Ventilatory Responses to CO 2
Eupneic air breathing was not altered following fentanyl injection as evidenced by the similar breathing pattern and Pa CO 2 values exhibited by all participants in both the Ctrl and the fentanyl conditions (P Ͼ 0.2; Table 1 ). Additionally, exposure to the two levels of increased FI CO 2 resulted in similar Pa CO 2 and hypercapnic ventilatory responses in both the Ctrl and fentanyl conditions in the young and the old (P Ͼ 0.5).
Central Hemodynamic Responses
At rest, MAP and MVP were similar between the Ctrl and fentanyl conditions for both groups (P Ͼ 0.2; Fig. 1 ). During control exercise at the same absolute intensities, both MAP and MVP were not different between groups (P ϭ 0.2). In addition, MAP and MVP were also not different between the young and the old during the same relative intensity (P Ͼ 0.3). MAP and perfusion pressure was 5-10% lower during the absolute and relative workloads with fentanyl blockade in both the young (P Ͻ 0.05) and the old (P Ͻ 0.05). The blockadeinduced decrease in MAP during exercise was similar in both groups (P ϭ 0.2). Fentanyl blockade had no effect on MVP in either group (P Ͼ 0.3). At rest, SVC was similar between conditions in both the young and old (P Ͼ 0.4; Fig. 2 ). During exercise, SVC was not different between groups in the Ctrl condition at the absolute workloads (P ϭ 0.4). At 80% of W peak , SVC was also not different between the young and old (P ϭ 0.6). Furthermore, while SVC significantly decreased (ϳ12%) with fentanyl blockade during the absolute and the relative workloads in the young, fentanyl blockade increased SVC by ϳ4% during the absolute workloads (P Ͻ 0.01) in the old. The blockade-induced changes in SVC during exercise were different between groups (P Ͻ 0.01).
At rest, cardiac output, SV, and HR were similar in the young and old (P Ͼ 0.1; Figs. 2 and 3). Furthermore, fentanyl blockade had no effect on resting cardiac output, SV, and HR in either group (P Ͼ 0.2). During exercise in the Ctrl condition, cardiac output and SV at the absolute work rates were similar in the young and old (P Ͼ 0.2). HR was also not different across the two absolute workloads in the young and old under Ctrl conditions (P ϭ 0.3). During exercise at 80% of W peak , there were no differences in cardiac output and SV between the young and old (P Ͼ 0.2); however, HR was lower in the old (P ϭ 0.05). After fentanyl blockade in young, cardiac output and HR were ϳ17 and ϳ6% lower (P Ͻ 0.05), respectively. After fentanyl blockade in the old, cardiac output was only ϳ5% and HR ϳ6% lower (P Ͻ 0.05). While there was no main effect of age on the blockade-induced decrease in HR (P ϭ 0.9), the fentanyl-induced changes in cardiac output during exercise were different between groups (P Ͻ 0.01). In addition, there was a reduction in HR of 7 Ϯ 1% (P Ͻ 0.05) during 80% W peak in the young and 5 Ϯ 2% (P Ͻ 0.05) during 80% of W peak in the old. Under Ctrl conditions in the young, SV increased from rest to 15 W (P Ͻ 0.05), but remained unchanged with further increases in workload (P ϭ 0.8). In contrast, SV did not change from rest to exercise during the fentanyl blockade in the young (P ϭ 0.8). In the old, SV was ϳ3% lower with fentanyl blockade during absolute work rates (P Ͻ 0.05). Furthermore, while SV increased from rest to 15 W during Ctrl exercise in the old (P Ͻ 0.05), it remained unchanged with further increases in workload (P ϭ 0.3), and this pattern was unaltered with fentanyl blockade.
Peripheral Hemodynamic Responses
At rest, Q L and LVC were similar between conditions in both the young and old (P Ͼ 0.2; Fig. 4 ). During Ctrl exercise, both Q L and LVC were ϳ16 and ϳ12% lower in the old compared with the young (P Ͻ 0.05). Fentanyl blockade reduced Q L during the absolute workloads in the young by 13 to 14% (P Ͻ 0.05) but had no effect on Q L in the old (P ϭ 0.8). At 80% of W peak , fentanyl blockade reduced Q L by ϳ16% (P Ͻ 0.05) in the young but had no effect in the old (P ϭ 0.9). The blockade-induced change in Q L during exercise was different between groups (P Ͻ 0.05). Fentanyl had a main effect on LVC during the absolute workloads in both groups (P Ͻ 0.05). In the young, LVC during the absolute workloads with fentanyl blockade was 6 to 9% lower compared with Ctrl (P Ͻ 0.05). In contrast, in the old, LVC increased by ϳ11% during the absolute workloads with fentanyl blockade compared with Ctrl exercise (P Ͻ 0.05). The blockade-induced changes in LVC during exercise were different between groups (P Ͻ 0.01). At 80% of W peak , fentanyl blockade had no effect on LVC in the young (P ϭ 0.1) but increased LVC in the old (P ϭ 0.05).
Leg O 2 Supply and O 2 Utilization
At rest, leg O 2 delivery (young: ϳ0.11 liters/min; old: ϳ0.07 liters/min), arteriovenous O 2 difference (young: ϳ63 ml/dl; old: ϳ78 ml/dl), and leg V O 2 (young: ϳ0.03 liters/min; old: ϳ0.03 liters/min) were similar in the two conditions and in both groups (P Ͼ 0.2; Table 2 and Fig. 5 ). Within the Ctrl condition at the absolute workloads, arteriovenous O 2 difference was not different between the young and old (P ϭ 0.2); however, both leg O 2 delivery and leg V O 2 was lower in the old compared with the young (P Ͻ 0.05). At 80% of W peak during Ctrl exercise, leg O 2 delivery and leg V O 2 was lower in the old compared with the young (P Ͻ 0.05). Likely as a consequence of reduced O 2 delivery with fentanyl blockade in the young (P Ͻ 0.05), arteriovenous O 2 difference was higher with fentanyl blockade (P Ͻ 0.01) which resulted in an unchanged leg V O 2 (P ϭ 0.1). In contrast, leg O 2 delivery (P ϭ 0.5), arteriovenous O 2 difference (P ϭ 0.7), and leg V O 2 (P ϭ 0.6) were unaltered with fentanyl blockade in the old.
DISCUSSION
Utilizing intrathecal fentanyl to temporarily attenuate muscle afferent feedback during dynamic single-leg knee extensor exercise, we investigated the effect of aging on the role of group III/IV leg afferents in the exercise pressor reflex-mediated cardiovascular response. With no cardiovascular effects at rest, fentanyl blockade attenuated both cardiac output and Q L during exercise in the young, whereas in the old, the drug-induced decrease in cardiac output was substantially smaller with no impact on Q L . Furthermore, LVC and SVC increased following fentanyl blockade in the old but decreased in the young. Despite these significant age-related differences, the group III/IV-mediated contribution to the overall blood pressure response to exercise remained similar with age. However, the afferent feedbackrelated mechanisms contributing to the MAP response to exercise appear to be impacted by age. Specifically, while cardiac output seems to account for the majority of the group III/IV-mediated MAP response in the young, the effect of neural feedback on the heart decreases with age and alterations in SVC become more prominent in terms of mediating the exercise pressor reflex in the old. Interestingly, in terms of peripheral hemodynamics, while group III/IV-mediated feedback plays a clear role in increasing LVC during exercise in the young, these afferents seem to actually reduce LVC in the elderly. Although the current study cannot address the possible existence of sex-related differences, this finding could potentially help to explain the limited exercise-induced peripheral vasodilation often associated with aging (12, 47) .
Aging and the Exercise Pressor Reflex
The effects of aging on exercise-induced increases in blood pressure remain equivocal, with some studies revealing an exaggerated response in the elderly (17, 18) , whereas others have found no difference across age groups (24, 30, 32, 56) . Since the MAP response to both absolute and relative exercise intensities was similar in both groups (Fig.  1) , the current study supports the conclusion that the exercise-induced increase in blood pressure is not affected by aging.
Earlier studies investigating the influence of aging on the role of muscle reflexes in determining exercise-induced MAP responses have relied on PECO techniques (24, 34) . This approach traps exercise-induced metabolites within a muscle by the inflation of a blood pressure cuff proximal to the muscle that was contracting to maintain, and even raise, neural feedback for as long as the muscle is held ischemic. During PECO following rhythmic handgrip exercise in old and young individuals, MAP has been reported to be lower in the old, which led to the conclusion that aging attenuates the exercise pressor reflex (34) . However, recognizing the well-documented age-related shift in muscle fiber type toward the fatigue resistant type I phenotype (33, 50), which is associated with a slower metabolite accumulation and consequently a reduced stimulus for metabosensitive muscle afferents (57, 58) , this conclusion may have been in error. Specifically, the observed difference in blood pressure responses during PECO in old compared with young individuals might actually be a consequence of reduced metaboreceptor stimulation in the old and entirely independent of any functional changes in the muscle reflex arc. The present investigation circumvented this and various other issues that have been associated with PECO (4), and clearly did not reveal an effect of aging on the contribution of the group III/IV muscle afferents to the blood pressure response during exercise (Fig. 1) .
Aging and Exercise-Induced Central Hemodynamics
Although resting cardiac output is generally similar in young and old individuals (51), cardiac output achieved during maximal exercise is markedly decreased with age (20) . However, findings from studies addressing the effect of aging on cardiac output during a given submaximal work rate are, in contrast, surprisingly inconsistent and may be related to the nature of the exercise, with some studies reporting no difference during cycling exercise (nonweight bearing) (46, 51), whereas others document an agerelated decrease during treadmill exercise (weight bearing) (42, 55) . In the present study, the increase in cardiac output from rest to single-leg knee extensor exercise (nonweight bearing) was similar in young and old (Fig. 2) , agreeing with earlier work also based on nonweight-bearing cycle exercise (46, 51) .
Input from thin fiber muscle afferents exert inotropic and chronotropic effects on the heart to facilitate an increase in cardiac output and MAP, and enhance blood flow to the working muscle of the exercising animal (41) and human (3, 8) . Indeed, the ϳ17% reduction in cardiac output with the afferent blockade in the young participants (Fig. 2) confirms these previous findings (3) and further emphasizes the critical role of neural feedback in regulating central hemodynamic responses during exercise. Interestingly, compared with the large effect in young individuals, fentanyl blockade had a substantially smaller, but still significant, effect on cardiac output in the old (ϳ5% decrease), a discrepancy suggestive of an age-related decline in the role of the group III/IVmediated muscle reflexes in facilitating central hemodynamics during exercise. The small effect of the afferent blockade on cardiac output in the old is likely attributable to the age-related impairment in the autonomic regulation of the heart, a phenomenon which is largely accounted for by ␤-adrenergic desensitization (14) .
Aging and Exercise-Induced Peripheral Hemodynamics
Although not always evident (45) , the majority of evidence suggests that there is an age-related reduction in skeletal muscle blood flow during exercise (32, 48, 49) . This attenuation in exercise-induced hyperemia has been attributed to various age-related alterations in the vascular mechanisms that regulate muscle perfusion (5, 40) . The lower Q L in the old compared with the young participants observed in our experiments supports these earlier observations (Fig. 4) .
The findings of the current study suggest that aging causes an alteration in the muscle reflex control of peripheral blood flow during exercise. Specifically, in the young, group III/IV muscle afferent blockade attenuated Q L as a consequence of a significant reduction in both perfusion pressure and LVC. In the old participants, afferent blockade caused a similar significant decrease in perfusion pressure, but, in contrast, LVC increased with the overall effect of no change in Q L . This suggests that during exercise with an intact afferent feedback mechanism, group III/IV muscle afferents (and the associated limited LVC response to exercise) might hinder Q L in the elderly. This observation could help to explain the lower blood flow observed in the older individuals in this study (Fig. 4) and earlier findings also documenting compromised Q L during exercise in the elderly (32, 48, 49) .
The Potential Role of the Baroreflex in the Observed Fentanyl-Induced Hemodynamic Changes
While blockade of group III/IV muscle afferents dampens hemodynamic responses to exercise, baroreflex-mediated compensatory cardiovascular adjustments attempt to counterbalance the associated blunted pressor response to return MAP to its set point pressure (13) . Consequently, although the role of the baroreflex was not measured in the current study, the observed circulatory responses still need to be considered as the net outcome of these two opposing factors which are also likely to be affected by age. Specifically, young individuals have been reported to rely on both decreases in SVC [i.e., increases in sympathetic nerve activity (SNA)] and, to a lesser extent, increases in cardiac output to return MAP to its set point pressure during a hypotensive stimulus (10, 27) . However, it is important to consider that muscle afferent feedback also contributes to the resetting of the carotid baroreflex to operate at a higher arterial pressure (54) . Spinal blockade, in turn, impairs this resetting of the baroreflex, resulting in a lower set point pressure operating during exercise with fentanyl blockade (54) . Therefore, the observed responses in the young likely underestimate the real hemodynamic effects of blocking the muscle afferents (3).
With advancing age, presumably secondary to the agerelated impairment in arterial baroreceptor control of the heart, older individuals are typically characterized by a substantially greater reliance on a decrease in SVC, rather than an increase in cardiac output, to restore MAP during hypotension (10, 15) . Furthermore, the sensitivity of arterial baroreceptors to detect a deviance in MAP from the set point pressure is markedly blunted with age (16) . It is therefore likely that the blockadeinduced decrease in MAP generated a rather small, or, perhaps, nonexistent baroreceptor error signal in the old. In addition, older individuals are characterized by higher resting SNA to muscle and a substantially lower rise to a given physiological stress (52) . Taken together, these likely age-related changes in the baroreceptors and SNA responses suggest that while baroreflex-mediated cardiovascular adjustments might have masked an even greater effect of muscle afferent blockade on the hemodynamic responses during exercise in the young, these compensatory mechanisms were presumably either not, or to a much smaller degree, engaged in the old. Therefore, these considerations further support the concept that there is an age-related alteration of the contribution of the group III/IV muscle afferents to the hemodynamic response to exercise.
Group III/IV Afferents and Oxygen Transport and Utilization during Exercise with Age
Interestingly, the fentanyl blockade of group III/IV muscle afferent feedback reduced Ca O 2 by decreasing arterial PO 2 and HbO 2 saturation in the young but not the old participants (Table 2 ). This was likely the consequence of the afferent blockade-induced hypoventilation that also resulted in a lower V E (but not V E/V CO 2 ) during exercise in the young but not the old (Table 3) . Although the blockade-induced hypoventilation in the young was not as pronounced during the current knee extensor exercise modality as previously documented during cycling exercise (1), in combination the attenuated Ca O 2 and Q L led to a reduction in O 2 delivery which was compensated for by an increase in O 2 extraction, with a net effect of no change in leg V O 2 . In terms of peripheral hemodynamics, it is important to note that the documented afferent blockadeinduced fall in Q L in the young participants would likely have been somewhat greater if it were not for this reduction in Ca O 2 , which would independently increase Q L (19) . In contrast, fentanyl blockade during exercise in the elderly had no effect on ventilation or Ca O 2 , and therefore leg V O 2 remained unchanged (Table 2 and 3 and Fig. 5 ), confirming the similar findings from a recent cycling study which included old participants as controls for patients with heart failure (43) .
A relevant consideration for the interpretation of our findings is the potential effect of aging on the efficacy of fentanyl to attenuate -opioid receptor-mediated afferent feedback. Although there is no data in humans supporting this hypothesis, a recent animal study documented an age-related decrease in the affinity of spinal -receptors to bind to the very specific opioid agonist DAMGO (23) . However, there is no clinical necessity to increase opioid dosages in older patients, and the similar impact of spinal blockade on MAP during exercise in both age groups (Fig. 1) do not support the existence of this age-related effect in humans, at least not with fentanyl.
It is important to realize that the heightened reliance on vascular resistance to adequately control blood pressure during exercise in the elderly is not only accounted for by increases in the afferent feedback-mediated sympathetic vasoconstriction, but other age-related modifications of various vasoconstrictor pathways and vascular tone may also play a role. For example, age-related decreases in functional sympatholysis (11) and changes in various neurohumoral mechanisms controlling vascular smooth muscle and the endothelium of the skeletal vasculature (59) may also affect, and maybe even support, the regulation of blood pressure during exercise, particularly in the face of a decreased contribution from the heart (42, 55) .
Conclusion
The contribution of group III/IV muscle afferents in regulating MAP during exercise remains unaltered by the aging process. However, whereas young individuals predominantly rely on alterations in cardiac output to change MAP, the role of the heart decreases with age and peripheral vasomotor activation becomes a more prominent mechanism in determining the exercise pressor reflex in the elderly. Additionally, although group III/IV muscle afferents play a clear role in increasing LVC during exercise in the young, it seems that these afferents V E, ventilation; V O2, oxygen consumption; V CO2, carbon dioxide production; RER, respiratory exchange ratio; V E/V O2, ventilatory equivalent ratio for oxygen; V E/V CO2, ventilatory equivalent ratio for carbon dioxide. *P Ͻ 0.05, fentanyl exercise value is different from that at control exercise. may actually compromise exercise-induced peripheral hemodynamics in the old.
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